INTRODUCTION
============

Selenoproteins are a small but important subclass of proteins that contain the essential trace element selenium. The mammalian selenoproteins with known functions perform a variety of critical roles in anti-oxidant defense, thyroid hormone metabolism, male reproduction and development ([@B1]). Selenium is co-translationally incorporated into selenoproteins as selenocysteine (Sec), the 21st amino acid. The translation of selenoprotein mRNAs is complicated by the fact that Sec is encoded by the UGA codon, which typically signals the termination of protein synthesis. However, UGA will be recoded as Sec when the 3′ untranslated region (3′UTR) of the transcript contains a specific stem-loop structure called the Sec insertion sequence (SECIS) element ([@B2]). All eukaryotic SECIS elements form a similar structure composed of an apical loop and two stems separated by an internal loop. Although SECIS elements share little homology at the nucleotide level, they contain two highly conserved motifs, which are essential for recoding UGA as Sec. The SECIS core encompasses two sheared tandem G•A base pairs ([@B3],[@B4]). The other essential sequence is the AAPurine (AAR) motif, which is found either in the apical loop (Type 1 SECIS) or adenosine bulge (Type 2 SECIS) ([@B5],[@B6]). Sec incorporation also requires a novel Sec-charged tRNA, which has a UCA anticodon ([@B7]). The synthesis and utilization of the Sec-tRNA^Sec^ requires several proteins, including a specialized elongation factor, EFsec, which is dedicated to Sec incorporation ([@B8],[@B9]). Our group purified and cloned two other *trans*-acting factors in this pathway: SECIS binding protein 2 (SBP2) and ribosomal protein L30 ([@B10],[@B11]). *In vitro* studies support the hypothesis that SBP2 and L30 compete for binding to the SECIS core and that the two proteins act sequentially during UGA recoding ([@B10]). However, there is debate in the field regarding the specific functions of SBP2 and L30, as well as the exact sequence of events that occur during Sec incorporation ([@B12],[@B13]).

Although dramatic progress has been made in elucidating the mechanism of Sec incorporation, less is known about how this pathway is regulated. Selenoprotein synthesis is regulated by dietary selenium *in vivo*, but the effects vary between tissues and between individual selenoproteins. When selenium is limiting, the element is preferentially retained and utilized by the brain and endocrine organs at the expense of other tissues ([@B14]). There is also a hierarchy of expression of individual selenoproteins during selenium deficiency. For example, the synthesis of phospholipid hydroperoxide glutathione peroxidase (PHGPx or GPx4) is maintained, whereas the expression of glutathione peroxidase 1 (GPx1) is rapidly lost when selenium becomes limiting ([@B15; @B16; @B17]). Given that SBP2 and L30 have both been shown to be limiting factors for Sec incorporation, there may even be a hierarchy of selenoprotein expression under selenium-adequate conditions. Based on gene targeting studies in mice, certain selenoproteins, including PHGPx, are required for normal development and health ([@B18],[@B19]), whereas others, such as GPx1, appear to have redundant or secondary functions ([@B20],[@B21]). Thus, the limiting UGA recoding machinery may be preferentially recruited to a subset of transcripts, which encode selenoproteins that perform critical functions.

To the best of our knowledge, the 25 mammalian selenoproteins all depend on the same set of *trans*-acting factors for their synthesis. What is not well understood is how the cell prioritizes the utilization of these factors. SBP2 may dictate the expression pattern of the selenoproteome since it is an essential factor for Sec incorporation and binds various SECIS elements with different affinities *in vitro* and *in vivo* ([@B22],[@B23]). However, the complex hierarchy of selenoprotein expression is likely to be maintained by the interplay between multiple *trans*-acting factors that bind to *cis-*acting sequences in the SECIS element and prioritize the utilization of selenium in a tissue-specific and selenoprotein-dependent manner. One such protein that links selenium status with differential selenoprotein expression is eukaryotic initiation factor 4a isoform 3 (eIF4a3). We recently showed that eIF4a3 is a selenium-regulated SECIS-binding protein that interacts selectively with a subset of selenoprotein mRNAs, including GPx1 ([@B24]). *In vitro* and cell culture studies support a model in which eIF4a3 translationally represses the expression of GPx1 by preventing the binding of SBP2 to the SECIS, thus inhibiting Sec incorporation ([@B24]).

In this study, we show that nucleolin selectively binds to SECIS elements from a subset of selenoprotein mRNAs, including PHGPx but not GPx1. Our studies support a model in which nucleolin acts as a positive regulator of selenoprotein mRNA translation.

MATERIALS AND METHODS
=====================

Cloning and mutagenesis
-----------------------

Information on the size and sequences of the SECIS elements and irrelevant RNAs is provided in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq247/DC1). The rat PHGPx and GPx1 3′UTRs are previously described ([@B25]). The rat Sel15 (BC060547) 3′UTR (1019--1217 nt) was cloned into the *Eco*RI--*Hind*III sites of pGEM3zf′(+) plasmid. The 3′UTRs of mouse GPx2 (BC039658), SelO (AK005048), SelR (AF195142), SelW (BC052719) and the long TR1 (AB027565) were prepared as PCR products containing a T7 promoter and were generous gifts of Heiko Mix and Vadim Gladyshev (University of Nebraska). The short TR1 SECIS of 207 nt was prepared as a PCR product containing a T7 promoter. The SBP2 constructs that encompass regions 1 and 2 correspond to 394--535 and 1--100 nt of the SBP2 3′ UTR and are described in ref. ([@B26]). The hypoxia stability region (HSR) from the human VEGF-A 3′ UTR ([@B27]) was a generous gift from Peng Yao and Paul Fox. The PHGPx SECIS basal stem deletion mutants are described in ref. ([@B28]). Additional mutations in the PHGPx SECIS were made using the primers listed in [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkq247/DC1) and the QuikChange Site-Directed Mutagenesis Kit (Stratagene). All mutations were confirmed by DNA sequencing.

*In vitro* transcription
------------------------

^32^P-labeled wild-type and mutant PHGPx SECIS probes were prepared from linearized templates with T7 RNA polymerase using 10 mM GTP, 10 mM ATP, 10 mM CTP, 0.05 mM UTP and 25 µCi ^32^P-labeled UTP for 3 h at 37°C. Cold competitor RNAs were synthesized from linearized plasmid or PCR-amplified DNAs using T7 RNA polymerase (Ribomax T7; Promega). After incubation, all transcription reactions were treated with DNase I for 20 min and then phenol--chloroform-extracted. The aqueous phase was passed through a Micro Bio-Spin P30 column according to manufacturer's instructions (Bio-Rad).

Preparation of extracts
-----------------------

McArdle 7777 cells were grown in DMEM/F12 media containing 10% fetal bovine serum (FBS). Nuclear and cytosolic extracts were isolated as previously described ([@B26]). Protein concentrations were determined using the Bio-Rad protein assay using IgG as a standard.

UV crosslinking assays
----------------------

UV crosslinking assays were performed in crosslink buffer (10 mM *N*-2-hydroxyethylpiperazine-*N*′-2-ethanesulfonic acid (HEPES) pH 7.9, 100 mM KCl, 12.5% glycerol, 0.75 mM MgCl~2~, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 0.25 mM dithiothreitol (DTT)\], with 27 ng yeast tRNA (Invitrogen) and 12 U RNase inhibitor (Roche). Reactions contained 20 fmol ^32^P-labeled probe (22 000 cpm/fmol) and cell extracts or purified nucleolin (Vaxron) as indicated in the figure legends. Each reaction was treated with UV irradiation (Bio-Rad GS Genelinker) for 10 min at 254 nm in a 96-well tissue culture plate (Corning). Samples were digested using RNase A (1 mg/ml) for 1 h at 37°C, analyzed by 10% (w/v) SDS--PAGE and detected by autoradiography. Quantitation was performed using a Storm 800 Imager and ImageQuant software (Molecular Dynamics). For competition experiments, proteins were pre-incubated with various concentrations of unlabeled SECIS RNAs as indicated for 10 min at 37°C prior to the addition of the ^32^P-labeled PHGPx probe.

Protein purification and peptide sequencing
-------------------------------------------

Nuclear extracts from McArdle 7777 cells were precipitated sequentially with 0--20, 20--40 and 40--60% ammonium sulfate (AMS). As the bulk of the 110 kDa crosslinking activity was detected in the 40--60% AMS fraction, this fraction was further purified by RNA affinity chromatography. The rat PHGPx SECIS RNA was coupled to cyanogen bromide-activated Sepharose 4B as described ([@B29]). The 40--60% AMS fraction was adsorbed to the column in binding buffer, and the column was extensively washed. Bound proteins were step-eluted with binding buffer containing 0.5 M NaCl ([@B29]). The eluted proteins were concentrated, separated by SDS--PAGE, and visualized by Coomassie Blue staining. The bands were excised from the gel and submitted for peptide sequence analysis using a Finnegan LCQ ion trap mass spectrometer. The protein was reduced, alkylated and digested with trypsin. The resulting peptides were analyzed by capillary column LC-tandem mass spectrometry. The CID spectra were used to search against the non-redundant database using a mammalian taxonomy filter.

Immunodepletion studies
-----------------------

MagnaBind Protein A magnetic beads (Pierce) were washed three times with NET2 buffer \[10 mM tris(hydroxymethyl)aminomethane (TRIS), 150 mM sodium chloride (NaCl), 0.05% (v/v) Nonidet-P40\] and incubated with two different affinity-purified anti-nucleolin antibodies (Sigma \[N2662\] and Novus Biologicals \[NB100-2239\]) or purified mouse IgG in 0.1 M sodium phosphate buffer, pH 8.1 for 1 h at room temperature on a rotator. The samples were then placed on a magnetic stand to capture the bead-antibody complexes, and the beads were washed once with crosslink buffer. Nuclear extract from McArdle 7777 cells (30 µg in 25 µl total volume of crosslink buffer) was added to the beads and incubated at room temperature for 1 h on a rotator. After incubation, samples were placed on a magnetic stand to capture the complexes. The supernatants were removed and analyzed by UV crosslinking.

RNA electrophoretic mobility shift assays
-----------------------------------------

The ^32^P-labeled PHGPx SECIS RNA (10 fmol) was heated at 95°C and slow cooled to room temperature. The RNA was then incubated with increasing amounts of nucleolin protein purified from HeLa cells (Vaxron), in 20 µl crosslink buffer. Incubations were done at 37°C for 30 min and the resulting RNA--protein complexes were resolved on 4% non-denaturing polyacrylamide gels. The gels were dried, and the signals were quantified using a Storm 800 Imager and ImageQuant software (Molecular Dynamics). Competition experiments with cold RNAs were performed as described above for the UV crosslinking assays.

Co-immunoprecipitation
----------------------

Nuclear extracts from McArdle 7777 cells were incubated at 4 mg/ml in crosslink buffer containing 0.2 mM EDTA and 0.5 mM DTT, with the two affinity-purified anti-nucleolin antibodies described above or purified mouse IgG for 1 h at 4°C. The immune complexes were removed by incubation with recombinant Protein A-Sepharose (Zymed). The resin was washed five times with NET2 buffer, and RNA was extracted directly from the beads in 300 µl Trizol according to manufacturer's protocol (Invitrogen). RNA was resuspended in 10 µl RNase-free water for subsequent cDNA synthesis.

Quantitative real-time PCR
--------------------------

Equal volumes of the co-immunoprecipitated RNAs were used as templates for cDNA synthesis. All cDNAs were synthesized using the TaqMan Reverse Transcription Reagents kit, based on the manufacturer's instructions and suggested thermal cycling profile (Applied Biosystems). Quantitative real-time PCR (qRT-PCR) was performed using SYBR Green PCR Master Mix and the ABI PRISM 7000 Sequence Detection System (SDS; Applied Biosystems), under conditions recommended in the instructions. Primers used for qRT-PCR are listed in [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkq247/DC1). The results were analyzed with ABI PRISM SDS software from Applied Biosystems, using the IgG sample as a control for relative selenoprotein mRNA expression in the immunoprecipitates. Relative gene expression was calculated using the 2^−ΔΔCT^ method ([@B30]). For siRNA experiments, 2 µg of RNA from the harvested cells was used as a template for cDNA synthesis using the same method described above. qRT-PCR and gene expression analysis were performed as described above and the results were normalized to GAPDH mRNA levels. For analyzing the subcellular distribution of specific transcripts, qRT-PCR was performed using RNA extracted from nuclear extracts, which were prepared as described above.

siRNA experiments
-----------------

Four synthetic ON-TARGET*plus* siRNA duplexes against rat nucleolin were purchased from Dharmacon (Catalog \#J-087768-05, J-087768-06, J-087768-07 and J-087768-08). Accell non-targeting siRNA \#1 (Dharmacon) was used as a negative control, which we term NT siRNA. McArdle 7777 cells were seeded at a density of 3 × 10^5^ in 6-well cell culture plates and grown in DMEM/F12 media supplemented with 10% FBS for 24 h. At 40% confluency, cells were transfected with 67 nM siRNAs using Dharmafect 4 reagent, according to the manufacturer's instructions (Dharmacon). After 72--96 h, cells were harvested for RNA using Trizol according to manufacturer's instructions (Invitrogen), or for total protein, as follows. Cells were washed in 1 × Dulbecco's phosphate-buffered saline (D-PBS) and collected in a microcentrifuge tube. After centrifugation, the cell pellets were resuspended in two packed cell volumes of lysis buffer (0.3 M HEPES pH 7.4, 1.4 M KCl, 30 mM MgCl~2~, 0.05% NP-40) and incubated on ice for 30 min. The samples were then centrifuged at 14 000 r.p.m. for 20 min at 4°C. The supernatants were analyzed by western blotting for nucleolin expression and mRNA levels from the RNA extracts were analyzed using qRT-PCR. Maximal knockdown of nucleolin was achieved after 96 h using siRNAs J-087768-07 and J-087768-08, which will be referred to as siRNAs 7 and 8, respectively. These siRNAs and conditions were subsequently used to analyze the effects on selenoprotein expression.

Western blotting
----------------

Proteins were electrophoresed on SDS--PAGE gels and transferred to ImmunoBlot polyvinylidene fluoride (PVDF) membrane (BioRad). The primary antibodies used were α-NCL rabbit polyclonal antibody (Sigma, N2662), α-PHGPx rabbit polyclonal antibody, α-GPx1 rabbit polyclonal antibody (Abcam, ab22604), α-GAPDH (6C5) mouse monoclonal antibody (Abcam, ab8245), α-TXNRD1 (TR1) rabbit polyclonal antibody (ProteinTech Group, 11117-1-AP), α-SEP15 mouse polyclonal antibody (Abnova, H00009403-A01), α-histone H1 mouse monoclonal antibody (Santa Cruz, SC-56694) and β-tubulin isotype I and II antibody (Sigma, T8535). The secondary antibodies used were either α-rabbit-HRP or α-mouse-HRP (Jackson Immunochemicals). Proteins were detected using Immobilon Chemiluminescent HRP detection substrate (Millipore), and exposure to BioMax MR film (Kodak). Analysis was performed using ImageQuant RT ECL (GE Healthcare).

RESULTS
=======

Identification of a 110 kDa SECIS-binding protein
-------------------------------------------------

In order to identify SECIS-binding proteins, UV crosslinking experiments were carried out using nuclear and cytosolic extracts from McArdle 7777 cells, a rat hepatoma cell line that expresses PHGPx, GPx1 and several other selenoproteins. The extracts were analyzed by western blotting using antibodies to histone H1 or β-tubulin as nuclear and cytosolic markers, respectively, to monitor the purity of the fractions. As shown in [Figure 1](#F1){ref-type="fig"}A, the nuclear and cytosolic extracts were relatively free of contamination from the other subcellular compartment. The extracts (0--20 µg) were incubated with the ^32^P-labeled wild-type PHGPx SECIS, which is a Type 2 element. Proteins were crosslinked to the RNA by exposure to UV radiation. Following degradation of the unbound RNA by RNase A, the samples were separated by SDS--PAGE and analyzed by autoradiography ([Figure 1](#F1){ref-type="fig"}B). A prominent band of 110 kDa, which was detected in both nuclear and cytosolic extracts, crosslinked to the PHGPx SECIS in a dose-dependent manner. To assess specificity, crosslinking experiments were also performed with an irrelevant RNA corresponding to region 1 of the SBP2 3′UTR ([@B26]). This RNA is predicted to form a stable stem-loop structure, with two stems, an internal loop and an apical loop, similar to a SECIS element. In contrast to the results obtained with the PHGPx SECIS, we did not detect a strong signal corresponding to the 110 kDa protein in nuclear or cytoplasmic extracts when the crosslinking experiments were performed with the ^32^P-labeled region 1 probe. The nuclear and cytosolic extracts both contained a protein of ∼50 kDa, which crosslinked to the PHGPx SECIS ([Figure 1](#F1){ref-type="fig"}B) and the SBP2 region 1 RNA ([Figure 1](#F1){ref-type="fig"}C). The identity of the 50 kDa protein (indicated by the asterisk in [Figure 1](#F1){ref-type="fig"}) is not known but it may represent a non-specific RNA-binding protein. Figure 1.Identification of a 110 kDa SECIS-binding protein. (**A**) Nuclear and cytosolic extracts (30 µg protein) were analyzed by SDS--PAGE and western blotting using antibodies against histone H1 (nuclear marker) and β-tubulin (cytosolic marker) as indicated. The arrows indicate the positions of histone (left panel) and β-tubulin (right panel). (**B**) The ^32^P-labeled wild-type PHGPx SECIS probe was incubated with increasing amounts (2.5--20 µg) of nuclear or cytosolic extracts from McArdle 7777 cells in a UV crosslinking assay. The samples were analyzed by SDS--PAGE and autoradiography. The 110 kDa protein is indicated by the arrow. The band of ∼50 kDa, indicated by the asterisk, may represent a non-specific RNA-binding protein. (**C**) UV crosslinking experiments were performed with 2.5, 5 or 10 µg of nuclear or cytosolic extracts as described in (A) except that the ^32^P-labeled probe was either the PHGPx SECIS or an irrelevant RNA (region 1 from the SBP2 3′ UTR) that does not contain a SECIS but is predicted to form a stem-loop structure.

The 110 kDa protein requires the upper part of the basal stem for binding to the SECIS
--------------------------------------------------------------------------------------

As the specific activity of the 110 kDa crosslinking activity was higher in the nuclear fraction compared to the cytosol ([Figure 1](#F1){ref-type="fig"}B), subsequent experiments were performed using the nuclear extract. To identify nucleotide sequences that are required for binding of the 110 kDa protein, we performed UV crosslinking/competition assays in which increasing amounts of wild-type or mutant PHGPx SECIS RNAs were added to the reaction. We first tested the importance of the AAR motif, which is essential for Sec incorporation but has no known function, by generating a loopless RNA that lacks the AAR motif and apical loop ([Figure 2](#F2){ref-type="fig"}A). As shown in [Figure 2](#F2){ref-type="fig"}B, the wild-type SECIS of 200 nt and the loopless RNA were both able to compete for crosslinking of the 110 kDa protein to the ^32^P-labeled PHGPx SECIS probe. We then analyzed mutant RNAs that ranged in size from 155 to 81 nt due to sequential deletion of the basal stem ([Figure 2](#F2){ref-type="fig"}A). The 155, 129 and 102 nt RNAs were all effective competitors ([Figure 2](#F2){ref-type="fig"}C). In contrast, the 81 nt SECIS did not compete at a 250- or 500-fold molar excess. Thus, binding of the 110 kDa protein to the PHGPx SECIS requires the upper part of the basal stem but not the AAR motif or apical loop. Figure 2.Analysis of mutant PHGPx SECIS RNAs to define the binding site requirements for the 110 kDa protein. (**A**) Schematic of the PHGPx wild-type SECIS (200 nt), the loopless mutant RNA, and the basal stem deletion mutants of 155, 129, 102 or 81 nt. (**B**) Nuclear extract from McArdle 7777 cells (2 µg) was preincubated with buffer or increasing amounts (0--200-fold molar excess over the probe) of unlabeled wild-type or loopless PHGPx SECIS RNAs for 10 min prior to the addition of the ^32^P-labeled PHGPx SECIS probe. The 110 kDa crosslinked product is indicated by the arrow and the asterisk indicates the 50 kDa protein of unknown identity. (**C**) Competition experiments were performed as in (B) using 5.5 µg nuclear extract and increasing amounts (0--500-fold molar excess) of cold basal stem deletion mutant RNAs of 155, 129, 102 and 81 nt, as indicated.

The 110 kDa protein distinguishes between SECIS elements
--------------------------------------------------------

The 110 kDa protein may represent a general SECIS-binding protein or it may selectively bind to a subset of selenoprotein mRNAs. In order to distinguish between these two possibilities, mammalian SECIS elements were analyzed for their ability to compete for crosslinking of the 110 kDa protein. [Figure 3](#F3){ref-type="fig"}A shows a typical experiment in which crosslinking of the 110 kDa protein to the ^32^P-labeled wild-type PHGPx SECIS is nearly eliminated in the presence of the cold PHGPx SECIS but not the GPx1 SECIS competitor RNA. A range of cold competitor concentrations was tested to calculate an IC~50~ as a measure of relative binding affinity of the 110 kDa protein. This value represents the fold molar excess of cold competitor over the labeled RNA that causes a 50% reduction in crosslinking signal. As shown in [Figure 3](#F3){ref-type="fig"}A, the IC~50~ of the PHGPx SECIS was ∼ 24-fold lower than the IC~50~ of the GPx1 SECIS. Thus the 110 kDa protein binds to the PHGPx SECIS with higher affinity than to the GPx1 SECIS. We then analyzed an additional 10 mammalian SECIS elements as competitors in UV crosslinking assays. [Figure 3](#F3){ref-type="fig"}B shows that there is a spectrum of IC~50~ values, which ranged from 7- to 470-fold molar excess over the labeled RNA. Similar results were obtained when UV crosslinking experiments were performed using nuclear extracts from HeLa cells (data not shown). We wondered whether there was a correlation between protein binding and the type of SECIS structure. The 110 kDa protein binds with high affinity to a subset of Type 2 SECIS elements, including TR1, PHGPx, and SelW ([Figure 3](#F3){ref-type="fig"}B). However, this structure alone is not required for binding as evidenced by mouse SelR and SelN, which are Type 1 elements that contain the AAR motif in the apical loop, and by SelO, which has a non-canonical CCC motif in place of AAR. The type 2 structure is also not sufficient since the 110 kDa protein binds with low affinity to Sel15 and SelT, which are Type 2 elements ([Figure 3](#F3){ref-type="fig"}B). Figure 3.The 110 kDa protein distinguishes among SECIS elements. (**A**) The inset shows a representative UV crosslinking competition experiment in which nuclear extracts and the ^32^P-labeled wild-type PHGPx SECIS were incubated in the presence of increasing amounts of cold PHGPx or GPx1 SECIS RNAs. The arrow indicates the position of the 110 kDa protein. The graph shows the quantitation of competition experiments. The IC~50~ values were calculated as described in 'Materials and Methods\' section, and the results represent the data from three or more experiments (**B**) UV crosslinking competition experiments were performed as described in the legend to [Figure 2](#F2){ref-type="fig"}B. Crosslinking of the 110 kDa protein to the ^32^P-labeled PHGPx SECIS was competed using increasing amounts of unlabeled SECIS RNAs from 12 mammalian selenoproteins. The IC~50~ values were calculated as described in 'Materials and Methods\' section. The data for each SECIS element represent the mean from three or more experiments ± SD.

Purification and identification of the 110 kDa protein as nucleolin
-------------------------------------------------------------------

For purification of the 110 kDa protein, nuclear extracts from McArdle 7777 cells were precipitated with 0--20, 20--40 and 40--60% AMS. The bulk of the crosslinking activity was retained in the 40--60% fraction. This fraction was then purified by RNA affinity chromatography using the PHGPx SECIS as a ligand, as described in 'Materials and Methods\' section. Bound proteins were step-eluted with 0.5 M NaCl. The eluate was concentrated for separation by SDS--PAGE and visualization by Coomassie Blue staining. The eluted fraction contained several proteins, including a 110 kDa protein and a more prominent band of 98 kDa (indicated by the arrows in [Figure 4](#F4){ref-type="fig"}A). The bands were excised from the gel and submitted for peptide sequence analysis by mass spectrometry. Both bands were identified as nucleolin, with six peptides covering 14% of the sequence for the 110 kDa protein and 29 peptides covering 38% of the sequence for the 98 kDa protein. The 98 kDa protein presumably represents a degradation product that was generated during purification. Figure 4.Purification and identification of the crosslinking activity. (**A**) The fraction eluted from the PHGPx RNA affinity column was analyzed by SDS--PAGE and Coomassie Blue staining. The 110 and 98 kDa proteins indicated by the arrows were submitted for peptide sequence analysis by mass spectrometry and both bands were identified as nucleolin. (**B**) Nuclear and cytosolic extracts (30 µg) were analyzed by western blotting using an anti-nucleolin antibody. The arrow indicates the position of nucleolin. (**C**) Nuclear extracts from McArdle 7777 cells (30 µg) were immunodepleted with purified IgG or affinity purified anti-nucleolin antibodies (α-NCL-1, from Sigma; or α-NCL-2, from Novus Biologicals). Aliquots of starting material (Start) and the depleted extracts were analyzed by UV crosslinking with the ^32^P-labeled wild-type PHGPx SECIS probe as described in the legend to [Figure 1](#F1){ref-type="fig"}. The 110 kDa crosslinked product is indicated by the arrow. The asterisk indicates an unidentified protein of ∼50 kDa. (**D**) The ^32^P-labeled wild-type PHGPx SECIS (top) or loopless RNA (bottom) probes were incubated in the presence of varying amounts of nucleolin purified from HeLa cells as indicated. The samples were analyzed by UV crosslinking. The arrow indicates the position of the crosslinked product. (**E**) REMSA assay using the ^32^P-labeled wild-type PHGPx SECIS probe, which was incubated with increasing amounts of nucleolin purified from HeLa cells, as indicated. The reactions were analyzed by non-denaturing polyacrylamide gel electrophoresis and autoradiography. The nucleolin:SECIS complexes (NCL:SECIS) are indicated by a bracket. The asterisk may represent a slowly migrating conformation of probe.

Nucleolin is a highly conserved protein that contains multiple domains: an N-terminal region rich in acidic amino acids; a central domain with four non-identical RNA recognition motifs (RRM) that function in RNA-binding; and a C-terminal region with multiple RGG repeats that mediates protein--protein interactions ([@B31]). Based on the cDNA sequence, nucleolin is predicted to be 77 kDa, but the protein migrates anomalously at 110 kDa on SDS--PAGE due to the highly acidic N-terminus. Western blot analysis using an anti-nucleolin antibody detected the protein in nuclear and cytosolic extracts from McArdle 7777 cells ([Figure 4](#F4){ref-type="fig"}B). We also performed immunodepletion experiments to confirm that the 110 kDa band detected by crosslinking is nucleolin. Nuclear extracts from McArdle 7777 cells were incubated with two different affinity-purified anti-nucleolin antibodies or purified IgG. The immune complexes were removed by binding to protein A magnetic beads and the unbound fractions were assayed by UV crosslinking using the ^32^P-labeled PHGPx SECIS probe. As shown in [Figure 4](#F4){ref-type="fig"}C, the 110 kDa crosslinking band was substantially depleted by the anti-nucleolin antibodies but not by the IgG control.

In order to determine whether nucleolin binds directly to the SECIS or whether this activity depends on other cellular factors, we carried out UV crosslinking experiments using nucleolin purified from HeLa cells. The purified protein crosslinked to the ^32^P-labeled PHGPx SECIS and to the loopless RNA in a dose-dependent manner, with a signal detected using as little as 3 ng of protein ([Figure 4](#F4){ref-type="fig"}D). We also analyzed nucleolin--SECIS interactions using RNA electrophoretic mobility shift assay (REMSA). The ^32^P-labeled PHGPx SECIS was incubated with purified nucleolin and the samples were analyzed by electrophoresis on native gels. As shown in [Figure 4](#F4){ref-type="fig"}E, the probe shifted upwards in a dose-dependent manner in the presence of nucleolin. The nucleolin--SECIS complex appeared as a discrete band within a smear, presumably due to the dissociation of the complex during electrophoresis. Approximately 50% of the probe was shifted by 40--50 ng of protein. This corresponds to an apparent *K*~D~ of ∼30 nM, which is similar to the affinity of nucleolin for other known targets.

Purified nucleolin shows selective SECIS-binding activity
---------------------------------------------------------

We next assessed the specificity of nucleolin binding by performing competition experiments, which were analyzed by REMSA. As shown in [Figure 5](#F5){ref-type="fig"}, the purified nucleolin exhibits sequence-specificity similar to the crosslinking activity detected in crude extracts. Binding of nucleolin was effectively competed by the wild-type PHGPx SECIS but not by the 81 nt basal stem deletion mutant, even at a 200-fold molar excess ([Figure 5](#F5){ref-type="fig"}A). We also tested three non-SECIS RNAs that are predicted to form stem-loop structures, including the HSR of the VEGF-A 3′ UTR ([@B27]), region 1 from the SBP2 3′ UTR which was used in [Figure 1](#F1){ref-type="fig"}C, and an RNA corresponding to region 2 from the SBP2 3′ UTR. A 20-fold molar excess of the cold PHGPx SECIS RNA reduced the REMSA signal by 70% whereas the three irrelevant RNAs were not effective competitors at the same concentration ([Figure 5](#F5){ref-type="fig"}B). In terms of selectivity, our crosslinking experiments with crude extracts suggested that nucleolin bound with the highest affinity to the TR1 SECIS. However, the RNA used for this experiment was ∼1550 nt long, compared to an average size of 250 nt for the other SECIS elements that were tested ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq247/DC1)). Therefore we generated a short TR1 SECIS RNA of 207 nt. As shown in [Figure 5](#F5){ref-type="fig"}C, both the long and short TR1 SECIS RNAs were very effective competitors, reducing the signal by 75--80% at 2.5-fold molar excess. Thus RNA length alone is not sufficient to explain high affinity binding. Figure 5.Purified nucleolin shows selective SECIS-binding activity. (**A**) REMSA competition experiments were performed using nucleolin purified from HeLa cells (25 ng), the ^32^P-labeled PHGPx SECIS probe, and the wild-type PHGPx SECIS or the 81 nt basal stem deletion mutant RNAs as described in the legend to [Figure 2](#F2){ref-type="fig"}B. Cold RNAs were added at 0, 25, 50, 100 or 200-fold molar excess over the probe. The brackets indicate the position of the nucleolin:SECIS complex (NCL:SECIS) and the arrow indicates the free probe. (**B**) REMSA competition experiments were performed as described in (A) except the competitor RNAs included the wild-type PHGPx SECIS and three irrelevant RNAs \[HSR from the VEGF-A 3′ UTR ([@B27]), region 1 from the SBP2 3′ UTR which was tested in [Figure 1](#F1){ref-type="fig"}C, and an RNA corresponding to region 2 of the SBP2 3′ UTR (see 'Materials and Methods\' section and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq247/DC1) for details)\]. The RNAs were added at 0, 5, 10 and 20-fold molar excess over the probe. (**C**) REMSA competition experiments were performed using cold long (1550 nt) and short (207 nt) TR1 SECIS RNAs, which were added at 0, 2.5, 5, 10 and 20-fold molar excess. (**D**) UV crosslinking competition experiments in which purified nucleolin (20 ng) was incubated with ^32^P-labeled wild-type PHGPx SECIS probe. Various amounts of unlabeled SECIS RNAs (PHGPx, SelR, Sel15 or GPx1) were added to the binding reaction in molar excess over the labeled probe as indicated. The arrow indicates the position of the crosslinked product. No other bands were detectable on the autoradiogram.

We also analyzed the selectivity of nucleolin binding using UV crosslinking/competition assays since the signal is easier to quantify with this method. As shown in [Figure 5](#F5){ref-type="fig"}D, a 10-fold molar excess of the PHGPx SECIS reduced the signal by ∼40% whereas the crosslinking signal was decreased by ∼60% with a 5-fold molar excess of the SelR SECIS. In contrast, a 40-fold molar excess of Sel15 SECIS RNA or 160-fold molar excess of GPx1 SECIS RNA ([Figure 5](#F5){ref-type="fig"}D) was required to compete away ∼50% of the labeled PHGPx SECIS probe ([Figure 5](#F5){ref-type="fig"}D). Thus, nucleolin can discriminate between SECIS elements in the absence of SBP2, L30 or other cellular proteins.

Co-immunoprecipitation of nucleolin--RNA complexes from cells
-------------------------------------------------------------

To establish *in vivo* relevance, we wanted to determine whether nucleolin is associated with selenoprotein mRNAs in cells. This was of particular interest as nucleolin showed selective SECIS-binding activity in our *in vitro* assays, but a recent study reported that all selenoprotein mRNAs were co-immunoprecipitated with similar efficiency by an anti-nucleolin antibody compared to the IgG control ([@B22]). However, it is important to note that the latter study examined only selenoprotein mRNAs. We performed co-immunoprecipitation experiments using extracts from McArdle 7777 cells and the two anti-nucleolin antibodies that were effective in the immunodepletion experiments described above or purified IgG as the negative control. RNAs were isolated from the immune complexes and used as templates in cDNA reactions, which were analyzed by qRT-PCR using gene-specific primers. The mean crossing points were calculated for PCR products derived from three independent immunoprecipitations (two performed with one anti-nucleolin antibody and one performed with the other). The results were expressed as the change in mean crossing points for the anti-nucleolin samples over the IgG controls ([Figure 6](#F6){ref-type="fig"}). We found that the anti-nucleolin antibodies immunoprecipitated the PHGPx, TR1, Sel15 and GPx1 mRNAs, with mean crossing point changes that ranged from 8.6 to 9.8 compared to the IgG control. These results are similar to those reported by Squires *et al.* ([@B22]). However, β-actin and GAPDH were also preferentially immunoprecipitated to a similar extent by the anti-nucleolin antibodies, with mean crossing point changes of 9.6 and 8.5, respectively, over the IgG control ([Figure 6](#F6){ref-type="fig"}). These results suggest that the co-immunoprecipitation experiments presented here and in ref. ([@B22]) may not be detecting true *in vivo* interactions. Figure 6.Co-immunoprecipitation of selenoprotein mRNAs with nucleolin:RNA complexes from cells. Nucleolin:RNA complexes were immunoprecipitated from McArdle 7777 cell nuclear extracts using two different anti-nucleolin antibodies or a purified IgG control as described in 'Materials and Methods\' section. Total RNA was isolated from the immune complexes, and analyzed by qRT-PCR analysis using gene-specific primers. The results are expressed as change in crossing points (mean ± SD) for PCR products derived from the anti-nucleolin samples compared to the IgG controls. The data represent the combined results from three independent immunoprecipitation experiments using the two different anti-nucleolin antibodies.

siRNA knockdown of nucleolin selectively inhibits PHGPx and TR1 expression
--------------------------------------------------------------------------

In order to elucidate the role of nucleolin in selenoprotein synthesis, we used siRNAs to knockdown nucleolin expression in McArdle 7777 cells. The conditions for maximal knockdown were optimized as described in 'Materials and Methods\' section. Cells were transfected for 96 h with two different siRNAs against nucleolin (siRNAs 7 and 8) or a non-targeting (NT) siRNA as a negative control. The cell lysates from three independent transfections were analyzed by western blotting. As shown in [Figure 7](#F7){ref-type="fig"}A and B, each of the nucleolin siRNAs reduced nucleolin expression by ∼6-fold, whereas the NT control siRNA had no effect. There was a 2.3- and 2.7-fold reduction in PHGPx protein levels in cells treated with siRNAs 7 and 8, respectively, which was not observed in the NT siRNA-treated cells ([Figure 7](#F7){ref-type="fig"}C and D). We also observed a modest but statistically significant decrease in TR1 protein levels in the nucleolin siRNA-treated cells, with siRNAs 7 and 8 causing a 1.2- and 1.4-fold reduction, respectively ([Figure 7](#F7){ref-type="fig"}C and D). The decrease that we observed for TR1 is likely to be an underestimate as this selenoprotein contains the Sec residue near the C-terminus. Thus the full-length TR1 and the truncated protein that lacks Sec cannot be distinguished by SDS--PAGE. The effect of the nucleolin siRNAs on PHGPx and TR1 expression was specific, as the knockdown of nucleolin did not alter the levels of GPx1 and Sel15, which are encoded by mRNAs containing SECIS elements that are bound by nucleolin with low affinity, or of GAPDH, which is not a selenoprotein ([Figure 7](#F7){ref-type="fig"}C and D). Thus, there is a good correlation between the affinity of nucleolin for a SECIS element and its ability to enhance selenoprotein expression. Figure 7.Selective inhibition of PHGPx and TR1 expression due to siRNA knockdown of nucleolin. (**A**) McArdle 7777 cells were treated with siRNAs directed against nucleolin (siRNA 7 and 8) or a NT siRNA for 96 h as described in \'Materials and Methods\' section. Cell lysates were analyzed by western blotting using the indicated antibodies. (**B**) Quantitation of the western blot data from three independent experiments. The results were normalized to GAPDH and are represented as mean ± SEM. Asterisks indicate significant change in protein expression for the nucleolin siRNA treated cells relative to the cells treated with the NT siRNA (single asterisk indicates *P* \< 0.001). (**C**) As described in (A), cell lysates were analyzed by western blotting using the indicated antibodies. The PHGPx and GPx1 antibodies also recognize two non-specific bands of 34 and 52 kDa, which are not shown in this figure but did not change with siRNA treatment. The bands shown in the figure correspond to the specific bands for PHGPx and GPx1 proteins at 20 and 26 kDa, respectively. (**D**) Quantitation and statistics were performed as described in (B) (single asterisk indicates *P* \< 0.001, double asterisk indicates *P* \< 0.05). (**E**) Effect of nucleolin manipulation on PHGPx and TR1 mRNA levels. Total RNA was isolated from McArdle 7777 cells treated with nucleolin siRNAs 7 and 8 or the NT control for 96 h. The levels of β-actin, PHGPx and TR1 mRNAs were quantified by qRT-PCR. The results were normalized to GAPDH and expressed as fold-change. The data represent the mean from at least three independent analysis ± SEM. (**F**) Transcript levels in nuclear extracts were quantified by qRT-PCR as described in (E).

In terms of mechanism, nucleolin has been shown to stabilize a number of cellular mRNAs by binding to the 3′UTR of the transcript ([@B32; @B33; @B34; @B35]). Therefore, we analyzed transcript levels in the siRNA-treated cells by qRT-PCR. The results were normalized to GAPDH. As shown in [Figure 7](#F7){ref-type="fig"}E, the knockdown of nucleolin did not reduce PHGPx, TR1 or β-actin mRNA levels. Thus, the decrease in PHGPx and TR1 protein that was observed in the nucleolin siRNA-treated cells was not due to a reduction in transcript abundance. We also tested the possibility that nucleolin may be involved in mRNA export by performing qRT-PCR analysis of RNA isolated from nuclear extracts of siRNA-treated cells. As shown in [Figure 7](#F7){ref-type="fig"}F, siRNA knockdown of nucleolin did not alter the nuclear levels of the transcripts encoding PHGPx, TR1 and β-actin. Thus, nucleolin does not appear to stimulate selenoprotein expression by facilitating nuclear export of the transcript. Taken together, these results suggest that nucleolin may selectively enhance the expression of PHGPx and TR1 at the translational level.

DISCUSSION
==========

The co-translational incorporation of Sec into selenoproteins is a complex process that requires both *cis*-acting sequences in the transcript and multiple *trans*-acting factors. As the UGA recoding machinery is limiting in cells, it is likely that selenoprotein synthesis needs to be tightly regulated *in vivo* in order to ensure the proper expression of the selenoproteome. The SECIS element plays an essential role in this mechanism by acting as a platform for RNA-binding proteins. Although mammalian SECIS elements all contain a stem-loop, they vary in their structure and composition, which raises the possibility that each SECIS may recruit a different spectrum of proteins. In the current study, we present several lines of evidence that strongly support the hypothesis that nucleolin selectively binds with high affinity to SECIS elements from PHGPx and other selenoprotein mRNAs to enhance their translation in cells.

Nucleolin is an abundant multi-functional protein found in a variety of subcellular locations ([@B31],[@B36]), As the major protein in the nucleolus, nucleolin plays a critical role in ribosome biogenesis by interacting with both pre-ribosomal RNA and ribosomal proteins. The protein is also found in the nucleus where it promotes the transcription of rRNA genes and modulates chromatin structure. Although nucleolin shuttles between the nucleus and cytoplasm, the protein is not found on mature ribosomes. Instead cytoplasmic nucleolin has been shown to regulate the stability or translation of several cellular and viral mRNAs ([@B32; @B33; @B34; @B35],[@B37],[@B38]). Nucleolin is also found on the cell surface where it binds a number of ligands ([@B31],[@B36]). In light of the newly discovered functions of nucleolin outside of the nucleolus, it is reasonable to consider that this protein may be involved in the regulation of selenoprotein synthesis. In fact, nucleolin was previously identified as a potential SECIS-binding protein based on ligand screening of a bacterial expression library with a radiolabeled GPx1 SECIS element ([@B39]). However, the affinity of nucleolin for other SECIS elements and the relevance of nucleolin to selenoprotein synthesis were not investigated in this earlier study.

Our *in vitro* binding assays showed that nucleolin binds with high affinity to SECIS elements from a subset of selenoprotein mRNAs. Interestingly co-immunoprecipitation studies perform by Squires *et al.* ([@B22]) and our group ([Figure 6](#F6){ref-type="fig"}) failed to detect selective nucleolin--SECIS interactions in cells. The most likely explanation for the discrepancy between the *in vitro* binding and cell culture results is that UV crosslinking experiments are performed with shorter RNAs that encompass the SECIS element, not the entire transcript. In contrast, the co-immunoprecipitation experiments can detect interactions between nucleolin and full-length endogenous mRNAs, which may contain many high or low affinity binding sites. Nucleolin may have associated with cellular mRNAs after the cells were lysed or during the immunoprecipitation step. Indeed a non-specific association between nucleolin and GAPDH mRNA in co-immunoprecipitation experiments has been previously reported ([@B37]). There is also evidence in other systems that post-lysis reassortment of some RNA--protein interactions can occur ([@B40]).

The fact that nucleolin exhibits selective binding activity *in vitro* raises the question as to how it distinguishes among SECIS elements. As nucleolin contains four non-identical RRM domains, it is not surprising that the protein interacts with a variety of different targets. The RRM is a well-characterized RNA-binding domain of 80--90 amino acids that is found in many proteins involved in RNA processing or metabolism ([@B41]). For proteins that contain multiple RRMs, each RRM may bind a different sequence, or a subset of the RRM domains may be required for sequence-specific binding ([@B42]). In the case of nucleolin, the protein binds to two mutually exclusive binding sites in pre-rRNAs: the nucleolin recognition element (NRE) and the evolutionarily conserved motif (ECM). The NRE is a short single-stranded sequence (U/GCCCGA/G) found within the loop of a stem-loop structure in pre-rRNAs ([@B43],[@B44]). The nucleolin--NRE interaction is mediated by RRMs 1 and 2 ([@B45]). In contrast, binding of nucleolin to the ECM, an 11-nt motif (GATCGATGTGG), requires all four RRMs ([@B46]). In addition to the NRE and ECM, nucleolin interacts with a variety of distinct sequences in the 5′ or 3′UTRs of cellular transcripts, including AU-rich elements in the Bcl-2 and Bcl-X~L~ mRNAs ([@B47]). The binding sites for nucleolin in the 3′UTR of the amyloid precursor protein mRNA and the 5′UTR of the interleukin-2 mRNA have not been finely mapped but they both contain the sequence CUCUCUUUA ([@B35]). A similar CU-rich region is present in the 3′UTR of another nucleolin target, the CD154 mRNA ([@B34]). In contrast, the determinant for nucleolin binding to the 3′UTR of the β-globin mRNA is a G-rich sequence in a stem structure opposite a CU-rich region ([@B32]). In addition to the known binding sites for full-length nucleolin, a 64 kDa form of the protein, presumably generated by autocatalytic cleavage, binds to the sequences UAAAUC or AAAUCU in the 5′UTR of the collagen prolyl 4-hydroxylase-α(I) mRNA ([@B48]). Based on nucleotide sequence analysis, we have not yet been able to identify a motif that is common to SECIS elements that are bound by nucleolin with high affinity. Our results suggest that binding of nucleolin to the PHGPx SECIS requires the upper part of the basal stem ([Figure 2](#F2){ref-type="fig"}C and 5A) but not the AAR motif or apical loop ([Figure 2](#F2){ref-type="fig"}B and 4D). Whether nucleolin binds directly to the upper part of the basal stem and whether this interaction depends on the nucleotide sequence and/or secondary structure of the SECIS is currently under investigation.

Our siRNA experiments found that the knockdown of nucleolin resulted in a decrease in PHGPx and TR1 protein levels but had no effect on Sel15 and GPx1 expression. Importantly, the levels and subcellular localization of the transcripts did not change in the siRNA-treated cells. These results suggest that nucleolin acts as a positive regulator for the translation of a subset of selenoprotein mRNAs, including PHGPx and TR1. Do the transcripts that are bound by nucleolin with high affinity share a common biological function or biosynthetic pathway? We have not detected any correlation between binding of nucleolin and the following parameters: known enzymatic activity of the selenoprotein; tissue-specific expression pattern; dependence on the Um34 isoform of the Sec-tRNA^Sec^ for synthesis ([@B49]); or presence of the second stop codon redefinition element in the coding region ([@B50]). However, we did note that nucleolin binds with higher affinity to SECIS elements from selenoproteins that exhibit a severe phenotype when deleted in mice and/or rank high in the hierarchy of expression during selenium deficiency. Nucleolin binds the PHGPx and TR1 SECIS elements with high affinity, and targeted disruption of either of these genes in mice is embryonic lethal in mice ([@B18],[@B19]). Furthermore, these two selenoproteins, as well as SelW, rank high in the hierarchy of selenoprotein expression ([@B51],[@B52]). Although the SelN gene has not been disrupted in mice, naturally occurring mutations in the human gene lead to a group of early-onset neuromuscular disorders referred to as SEPN1-related myopathy ([@B53]). In contrast, nucleolin binds the GPx1 SECIS element with low affinity, and the GPx1 knockout mouse model expresses a normal phenotype ([@B20],[@B21]). In addition, GPx1 ranks low in the hierarchy of selenoprotein expression ([@B51]). Notably, nucleolin binds the Dio2, GPx2 and Dio1 SECIS elements with moderate affinity. The expression of these selenoproteins is preserved when selenium is limiting ([@B54],[@B55]), but the knockout mice have either no phenotype or a modest phenotype, which suggests that these selenoproteins perform important but non-essential functions ([@B56; @B57; @B58]). The exception to this trend is SelR (also known as MsrB1), whose SECIS is bound by nucleolin with very high affinity. Although the SelR knockout mice exhibit signs of oxidative stress in the liver and kidney, they have no obvious phenotype ([@B59]). Knockout models for SelO, SelT and Sel15 have not been reported and it is not known where these selenoproteins rank in the hierarchy.

An emerging theme in the field is that the regulation of selenoprotein expression is much more complex than previously anticipated. The affinity of SBP2 for different SECIS elements varies both *in vitro* ([@B23]) and *in vivo* ([@B22]). These differences in the relative binding affinity of SBP2 determine the expression pattern of the selenoproteome ([@B23]). In addition to the components of the basal recoding machinery, other regulatory factors modulate the expression of individual selenoproteins. We recently reported that eIF4a3 binds to the GPx1 and SelR SECIS elements and represses their translation by preventing the binding of SBP2 when selenium is limiting ([@B24]). This effect is specific, as eIF4a3 did not bind to the PHGPx and TR1 SECIS elements. In contrast, nucleolin appears to be a selective positive regulator of selenoprotein expression, binding to the PHGPx and TR1 SECIS elements, but not to the GPx1 SECIS. Intriguingly, SelR appears to be an exception as both nucleolin (this study) and eIF4a3 ([@B24]) bind to this SECIS element with high affinity. As the two proteins have opposing effects on Sec incorporation, these results suggest that the expression of SelR may be tightly regulated at the translational level in different cell types or in response to environmental cues. There is a rapid increase in eIF4A3 protein when selenium becomes limiting and we proposed that this up-regulation serves to link selenium status with the hierarchy of selenoprotein expression ([@B24]). Interestingly, selenium supplementation has no effect on nucleolin activity and protein levels in McArdle 7777 cells. Our results suggest that nucleolin is required for optimal expression of PHGPx and TR1 but it is tempting to speculate that nucleolin may play an additional regulatory role since its RNA-binding activity and subcellular localization respond to a variety of cell stressors ([@B37],[@B47],[@B60],[@B61]).

Given the variety of activities that nucleolin can carry out, there are multiple mechanisms by which this protein could modulate selenoprotein mRNA translation. There is precedent for nucleolin acting as a substrate remodeling factor. Nucleolin has a strand annealing activity ([@B62]), which could be involved in refolding the SECIS structure into a more favorable substrate for protein--SECIS interactions. Nucleolin also participates in protein--protein interactions, often through the RGG domains located in its C-terminus ([@B63]). Thus, the SECIS-bound nucleolin could directly recruit factors involved in Sec incorporation. Interestingly, a recent study identified nucleolin as a cell surface receptor for the bacterial pathogen *Francisella tularensis* ([@B64]). The ligand for nucleolin was bacterial elongation factor Tu, which was expressed on the surface of the bacteria. The finding that nucleolin can interact with an elongation factor raises the possibility that binding of nucleolin to the SECIS may facilitate the recruitment of the EFsec-Sec-tRNA^Sec^ complex. Finally, nucleolin may not affect Sec incorporation directly but instead may modulate another step in protein synthesis. It has been proposed that nucleolin enhances the translational efficiency of the matrix-metalloproteinase-9 mRNA by binding to the 3′UTR and recruiting the translationally inactive mRNA to polysomes ([@B38]). Given that the 5′- and 3′-ends of a transcript interact during translation, there may be a SECIS-dependent initiation event that is mediated or regulated by nucleolin. The investigation of the mechanism of action of nucleolin is an important direction for future research.
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